Abstract The World Health Organization estimates that one in six couples experience some delay in conception and an increasing number require treatment by the assisted conception (AC) procedures of in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI).The implantation rate of embryos resulting from in vitro fertilization cycles is generally less than 20%. The exposure of oocytes and embryos to the artificial conditions of in vitro culture may have negative effects on the embryo's ability to undergo normal hatching, resulting in low rates of implantation following IVF and embryo transfer. Human embryos resulting from superovulation develop more slowly in vitro compared to embryos in vivo, manifest a relatively high degree of cytogenetic abnormalities and undergo cellular fragmentation. Artificially disrupting the zona pellucida is known as assisted hatching (AH) and there is some evidence that embryos that have undergone zona manipulation for assisted hatching tend to implant one day earlier than unhatched embryos. A variety of techniques have since been employed to assist embryo hatching, including partial mechanical zona dissection, zona drilling and zona thinning, making use of acid tyrodes, proteinases, piezon vibrator manipulators and lasers. This review will consider the impact of IVF conditions on zona pellucida physiology, zona hardening, different techniques of assisted hatching, who may benefit from assisted hatching and potential hazards.
Introduction
Despite numerous developments in IVF and ICSI, the implantation rate of the replaced embryos remains low, and it has been estimated that up to 85% of replaced embryos do not implant [1] . It has been reported that implantation rate per embryo transfer in IVF/ICSI programs is 10% to 15% for day 2 or day 3 transfers and 23% to 25% for blastocyst transfers. The ability of an embryo to develop and implant primarily relates to the quality of originating gametes and intrinsic characteristics of the embryo, such as its chromosomal constitution and the quality of its cytoplasm [2] . However, some proportions of euploid embryos with full developmental potential fail to implant because of hatching difficulties [2] . Numerous approaches to improve the implantation rate have been proposed and practiced. These include [1] improving the technique of embryo transfer, [3] improving endometrial receptivity, and [4] improving the capacity of the embryo to implant. Assisted hatching (AH) has been proposed as a method for improving the capacity of the embryos to implant. Assisted hatching involves artificial disruption of the zona pellucida, and a variety of AH techniques have been employed including zona thinning, zona drilling (breaching by forming a hole) and complete removal of the zona, use of chemicals, other mechanical techniques, and the use of lasers [5] . In the past decade, AH has been offered to older patients as well as to those with frozen-thawed embryos or who have suffered recurrent IVF-ET failure. The effect of AH, however, is still debatable [6] [7] [8] [9] . Assisted hatching was first described by Cohen et al. who reported the first pregnancy after assisted hatching in 1988 [10] . This pioneering work was followed by numerous publications. Some of these publications reported a significant increase in the pregnancy and/or implantation rate in all patients [11] ; other publications reported significant improvement in patients with a poor prognosis, namely women over 38 years of age, patients with thick zonae, and patients with repeated implantation failures [12] [13] [14] ; while a third group of publications reported a non significant improvement in the pregnancy rate in patients with poor prognosis [11, [15] [16] [17] [18] . On the contrary, some publications reported no improvement in pregnancy or implantation [19] [20] [21] .
Zona pellucida structure and function
The human oocyte and early embryo is surrounded by 13-15 μm thick acellular matrix, the zona pellucida [22] , which is composed of glycoproteins, carbohydrates and zona pellucida-specific proteins. The zona pellucida is bilayered, the outer is thick, whereas the inner is thin but resilient [3] . The zona pellucida is of structural and functional importance during fertilisation and preimplantation development. It is involved in sperm binding, induction of the acrosome reaction and it promotes egg fusion [23] . Following fertilisation, the zona pellucida blocks polyspermy, prevents blastomeres dispersal and helps in oviductal transport.It also avoids contact with other cells (epithelial lining of the reproductive tract, leucocytes, spermatozoa and other cells of the embryo) [24] .It is essential for maintaining the integrity of the precompacted embryo. Compaction is the formation of the structural junctions between the blastomeres. Once compaction occurs, the zona pellucida is no longer essential [25] .
To ensure the above function, zona hardening naturally occurs, and is evidenced by an increased resistance to dissolution by different chemical agents [22] .
Hatching process
Upon reaching the blastocyst stage, a combination of lysins 'proteases' produced by the cleaved embryo (trophoectoderm) and/or the uterus, all assist in zona dissolution [26] [27] [28] .
Moreover, the physical expansion of the embryonic mass reduces the zona thickness in preparation for hatching [29] , so that the trophoectoderm cells interact with endometrial cells and implantation occurs. Hatching of the embryo is a process, whereby the expanded blastocyst undergoes cycles of contractions and expansions until it becomes almost invisible [30] . Elasticity and thinning of the zona pellucida are fundamental for successful hatching, which is a prerequisite for implantation [29] .
There are two observational studies demonstrating that a natural hatching site usually develops in close proximity to the inner cell mass (ICM) of blastocysts in humans, whereas that of the mouse is at the side opposite to the ICM [31, 32] . So Hirotoshi et al., hypothesized that the choice of AH site could be important to the development of hatching [33] .
The rationale for assisted hatching An important observation leading to the clinical introduction of assisted hatching was the finding that microsurgically fertilised embryos with artificial gaps in their zona appear to have high rates of implantation [34] , and that cleaved embryos with a good prognosis for implantation have reduced zona thickness [35] .
Further, Wright et al. [36] reported that some embryos displayed variation in zona thickness at their early stage of development and that zona thinning is an active process. In contrast, zygotes that did not cleave did not show any change in zona pellucida thickness in culture [37] . The zona pellucida thickness has been shown to be correlated with the age of the patient by some [38] but not others [39] . Failure of zona rupture and subsequent impaired hatching have thus been suggested to account at least in part for the relatively low implantation rates following assisted reproductive techniques [40] .
Embryos may intrinsically have a thick zona pellucida (>15 Am), or a secondary hardening of the zona pellucida may be suspected to occur during in vitro culture and after cryopreservation [39] .
The relationship between zona thickness and implantation has been queried, suggesting that the limiting factor for successful hatching is not the overall thickness but the resilience of the thin inner layer [3] . Moreover, no correlation exists between zona pellucida thickness and zona pellucida hardness [39] . As a result, chemical removal of the outside of the zona pellucida of the Day 3 embryo has no impact on implantation rate, whereas the creation of a hole in the zona pellucida may improve embryo implantation [15] . As opposed to zona thickness and zona hardness, the rationale for performing assisted hatching procedure may be to overcome a deficiency in the production of an intrinsic embryonic lysin that promotes hatching following blastocyst expansion [39] . Schiewe et al. reported that suboptimal culture conditions may therefore account for a qualitative impairment of zona lysin production. Thus, optimising culture conditions might overcome such in vitro impairment [39] . They also showed that some embryos may experience a reduction or even a complete inability to secrete the 'hatching factor' (a quantitative impairment), independent of culture conditions or possible uterine lysin, which may inhibit the normal hatching. However, the concept of a uterine factor remains elusive due to the lack of direct evidence. In this situation, artificial thinning, or opening the zona pellucida in an earlier developmental stage might increase the incidence of hatching.
Mechanism of AH
Although the mechanism by which assisted hatching promotes embryo implantation remains unclear, there are possible explanations. The implantation window is the critical period when the endometrium reaches its ideal receptive state for implantation. The majority of embryos hatch during this time, suggesting that a precise synchronization between the embryo and the endometrium is essential [41] .
Early implantation has been associated with subsequent viable pregnancy, whereas delayed implantation has been associated with a high incidence of abortion [42] . Embryos with artificial gaps in their zonae initiate hatching earlier than zonae intact embryos [43] . Therefore, it can be postulated that assisted hatching facilitates implantation by allowing earlier embryo-endometrium contact. Further, although most molecules are able to cross the zona pellucida, the rate of transport may be related to zona thickness. A two-way transport of metabolites and growth factors across the zona pellucida may be altered due to the presence of the artificial gap [15, 34] . Such contact may permit earlier exposure of the embryos to vital growth factors. For the mechanism of AH enhancement, the experimental data in the mouse model has demonstrated increasing embryo blastocyst formation (on day 5) in a hatched group (on day 3) compared with control. Theoretically, AH opens important routes to convey nutrients from the incubating media. These nutrients enhance embryo development and blastocyst formation [44] .
Techniques of assisted hatching
Since the first assisted hatching technique that used a mechanical method, several approaches have been proposed [45] , including mechanical incision of the zona [43] ; chemical zona drilling with acidic medium [46] ; chemical zona thinning [47] ; laser-assisted hatching [33] and, more recently, piezo technology [14] . The mechanical and the chemical methods require extensive technical skill to produce uniform, well controlled and standardised micro holes using micropipettes mounted on micromanipulators. It is important to minimise the time the embryo is out from the incubator and to optimise the methodologies to reduce pH and temperature variations that can be detrimental to embryo development. Micromanipulation is done on Day 2 or later (after the adherence between the blastomeres has increased), on embryos that are chosen for replacement.
Mechanical techniques
The technique of assisted hatching using partial zona dissection (PZD) to create an artificial opening of the zona pellucida of early cleaved embryos was first described by Cohen et al. [46] . While the embryo is stabilised by a holding pipette, the zona pellucida is pierced with a microneedle that is pushed tangentially through the space between the zona pellucida and blastomeres until it pierces through the zona pellucida again. The embryo is released from the holding pipette. The small part of the zona trapped against the microneedle is then rubbed against the holding pipette, thus opening the area between the two sides pierced by the microneedle. The mechanism of PZD is quick to perform, but it produces holes of variable sizes that may not always be optimal [48] . A refinement of PZD has been described where a second cut is made in the zona pellucida under the first cut at a right angle, leaving a cross-shaped hole on the surface of the zona pellucida (three-dimensional PZD) [49] . This method allows the creation of larger openings while permitting the protection of the embryo by the zona pellucida flaps during embryo transfer. Nijs et al. [50] described a zona rubbing technique to assisted hatching, by reducing the thickness of the matrix through gentle rubbing with a microneedle. No gap is made in the zona pellucida, so the risk of blastomere loss and invasion of micro-organisms or immune cells is minimised. However, care should be taken when transferring double or triple embryos following this procedure for fear of increasing the incidence of multiple pregnancies [51] .
Mechanically expanding the zona pellucida
This technique was inspired by the natural expanding effects of blastocysts on the ZP. This mechanical AH neither thins nor breaches the ZP; rather, it expands/ stretches the ZP via the injected hydrostatic pressure to assist with the embryo hatching process. A recent study, was done by applying this new method to frozen-thawed day-3 (D3) embryos to determine whether it could enhance their implantation ability. It was assumed that ZP hardening in frozen-thawed embryos is more pronounced than in fresh embryos. It stated that mechanically expanding the ZP of frozen-thawed D3 embryos with injected hydrostatic pressure after thawing increases the implantation rate compared with control embryos [52] .
Cong Fang and colleagues from the First Affiliated Hospital of Sun Yat-Sen University, Guangdong, People's Republic of China, conducted the study in subjects who had undergone their first IVF/ICSI cycles (2006) (2007) (2008) to assess whether a new AH technique improves the rates of implantation and clinical pregnancy. The patients underwent thawed embryo transfer and were randomly assigned into two groups. In the AH group: Embryos were transferred after injected hydrostatic pressure was used to expand the ZP of D3 cryopreserved and thawed embryos. In the group without AH (controls): ICSI needles were used to pierce the embryos, but not expand the ZP. The embryos were thus transferred without performing AH.
The researchers, however, reported higher rates of implantation and clinical pregnancy in the AH group compared to the controls, despite the transfer of the same number of embryos. The study concluded that mechanical expansion of the ZP is a potentially safe and effective method to improve the outcome [52] .
Chemical techniques
Assisted hatching using acid Tyrode's has been described in detail by Cohen et al. [15, 46] . The embryo is secured on a holding pipette and a microneedle is applied to an area of the zona pellucida overlying either empty perivitelline space or extracellular fragments (i.e. a blastomere-free area). The microneedle is preloaded with Tyrode's acid before each micromanipulation using mouth-controlled suction. The acidic solution is expelled gently over a small area until the zona is breached. Suction is applied immediately after breaching the zona pellucida to prevent excess acid entering the perivitelline space. This technique requires very quick handling in order to avoid unnecessary exposure of the embryo to the acidic solution. The acid may be detrimental to the blastomeres adjacent to the drilled part of the zona pellucida. The zona dissolves on contact with the acid, hence, the embryo is removed immediately and rinsed several times to remove any trace of the acid.
Cruciate thinning of the zona pellucida with acid Tyrode's has been described in mice and humans [3] . It involves a biaxial application of the acid to make a cruciate area of thinning over about one-third of the circumference of the zona pellucida, without creating an opening. Embryos are washed free of the acid Tucker et al. [3] , in their study, were unable to find this method effective, concluding that the bilayered human zona pellucida needs to be fully breached unlike that of the mouse.
Piezo technology
Recently, piezo technology has been introduced for zona pellucida drilling [14] . While a holding pipette holds the embryo, vibratory movements produced by a piezo-electric pulse regulated by a controller are used to carve a limited conical area in the zona pellucida. Five to eight applications in adjacent areas may be used to produce a large hole, which facilitates the complete hatching of blastocyst.
Laser-assisted hatching
Laser-assisted zona drilling was first reported in 1991 by two groups led by Tadir [53] and Palankar [54] . Laser presents an ideal tool for microsurgical procedures, as the energy is easily focussed on the targeted area producing a controlled and precise hole consistent between operators. The laser beam may either be directed using an optical lens tangential to the embryo through the zona pellucida in a non-contact mode or the laser may be guided through an optical fibre touching the embryo in a contact mode. Initially, non contact mode was adopted for gamete micromanipulation using various laser wavelengths. Subsequently, the contact approach was used with ultraviolet (UV) wavelength delivered by glass pipette, or infrared (IR) wavelength delivered with a quartz fibre [53] . However, the technical advantages of the non-contact mode and the potential of UV radiation to cause harmful mutagenic effects have led to the general preference for non-contact mode using the IR 1.48 μm (1,480 nm) diode laser [55] .
Initially, the laser was used to create a single full thickness hole through the zona pellucida. More recently, Blake et al. [56] demonstrated a significant increase in hatching in vitro, using the laser to thin the zona pellucida without creating a hole. A further study found a higher clinical pregnancy rate when using the laser to thin an extended area of the zona pellucida compared with producing a single full thickness hole [57] . Both light electron microscopy and scanning electron microscopy revealed no ultrastructural degenerative alterations of the zona pellucida of oocytes and embryos following laser assisted zona drilling [58] , and reports of the children delivered following this technique have been reassuring [59, 60] . Laser assisted microdissection of the ZP can be done with high precision and repeatability with no negative impact on in vitro embryo development. The technique is easy to perform and very effective with regard to the overall time requirement and can be performed in a sterile environment without any additional micromanipulations [61] [62] [63] [64] [65] by using the infrared 1.48-μm diode laser it is feasible to open the zona even in largely expanded blastocysts without visible blastocyst damage. The safety of the 1.48-μm diode laser beam has been evaluated in mouse and human oocytes and zygotes.
Clinical application of AH
It is important to focus on who may benefit from this technique as several studies have shown no increase in pregnancy rates when assisted hatching is performed on unselected groups (Table 1) .
However, there are factors have been suggested to identify groups of patients who may benefit from assisted hatching, including the number of previous IVF failures, the patient's age, replacement of cryopreserved embryos and the zona pellucida thickness. The variations in the techniques used, patients selected and study designs make it difficult to compare between studies and pool data
The potential of AH in recurrent IVF failure Repeated unexplained IVF failure is associated with a reduced chance of pregnancy in subsequent treatment cycles. Pregnancy and implantation rates appear to be significantly increased by assisted hatching for women with unexplained recurrent implantation failure in at least two, and usually more, previous IVF cycles. However, it would of course be preferable to identify patients who would benefit from assisted hatching before they have unsuccessful IVF cycles [70] (Figs. 1, 2) The potential of AH in Advanced female age It is well established that IVF success rates decrease with advancing maternal age and many suggestions have been made to explain this reduction in fertility [71] . One such suggestion is that there may be spontaneous zona hardening due to age-related endocrine changes and/or the absence of lysins from surrounding tissues, which may act on embryos in vivo [17, 72] .
Such environmental conditions either control the hatching important to recognize that there may be other factors reducing fertility in older women such as reduced quality and quantity of oocytes 'ovarian reserve' [71] , an increase in the incidence of karyotypically abnormal embryos [15] may be spontaneous zona hardening due to age-related endocrine changes and/or the absence of lysins from surrounding tissues, which may act on embryos in vivo [17, 72] . Such environmental conditions either control the hatching Nevertheless, it is and to some extent, a decline in uterine receptivity [16, 73] . Although assisted hatching may benefit older women, it is thus unlikely to restore their pregnancy rate to that seen in younger women (Table 2) .
Frozen-thawed embryos
Excessive in vitro culture of cryopreserved embryos, and/or exacerbated by the freeze-thaw process, is thought to induce alteration in the glycoprotein matrix leading to zona hardening [77] . Check et al. [78] reported on improved implantation and pregnancy rates when assisted hatching was performed on six to eight cell stage embryos. Also, a successful outcome of assisted hatching when used on frozen-thawed two cell stage embryos was reported by Tao and Tamis [79] .
Nijs et al. [51] observed significant increase of implantation rate after transfer of frozen-thawed embryos following application of zona rubbing. Further, a prospective randomised controlled study by Nagy et al. [80] presented a significant increase in implantation and pregnancy rates following laser-assisted hatching and removal of degenerated blastomeres, thawed two cell stage embryos was reported by Tao and Tamis [79] .
Thick zona pellucida A study of assisted hatching for patients with thick zona pellucida more than 15 μm suggested an im- proved implantation rate [15] . This has led some to introduce selective assisted hatching on poor prognosis embryos (thick zona pellucida, low developmental rate and excessive fragmentation), but further studies are required.
Results of AH
The routine or universal performance of assisted hatching on all embryos in IVF/ICSI patients is neither scientific nor appropriate. Randomized trials of assisted hatching on all embryos without any selection, revealed that there is no difference in the implantation and pregnancy rates between the treatment and control groups [7, 66] . In a recently published meta-analysis of randomized controlled studies on assisted hatching for all patients treated with IVF/ICSI (13 studies out of 165 fitted the selection criteria); the results of the meta-analysis could not be accepted because of the heterogeneity of the studies which may be due to the different techniques used or due to different patient populations studied [70] . On the other hand, there is convincing evidence in the literature that assisted hatching may increase the implantation capability of some of the embryos. The proposed indications for assisted hatching are advanced maternal age (≥37 years), elevated basal FSH of women and two or more previously failed IVF attempts, embryos with thick zona pellucida (>15 μm), abnormal or poor embryo morphology, cytoplasmic fragmentation and retarded developmental rate [16, 81, 82] .
Sallam et al., concluded after conducting a series of sensitivity analyses, that assisted hatching improves the pregnancy rate, implantation rate and the ongoing pregnancy rate significantly for patients with poor prognosis treated with IVF/ICSI, particularly those with two or more previous failures [70] .
This concurs with the recommendations of The Practice Committee of the American Society for Reproductive Medicine after reviewing the different published reports on the role of assisted hatching in IVF suggesting that assisted hatching may be clinically useful and that individual ART programs should evaluate their own patient populations in order to determine which subgroups may benefit from the procedure. The routine or universal performance of assisted hatching in the treatment of all IVF patients appears, at this point, to be unwarranted [7] .
Potential risk of AH
The assisted hatching procedure may be associated with specific complications independent of the IVF procedure Fig. 1 Tree diagram for pregnancy rates in patients with >2 previous IVF failures undergoing assisted hatching versus those with no assisted hatching Fig. 2 Tree diagram for implantation rates in patients with >2 previous IVF failures undergoing assisted hatching versus those with no assisted hatching itself, including lethal damage to the embryo and damage to individual blastomeres with reduction of embryo viability. In addition, artificial manipulation of the ZP has been associated with an increased risk of monozygotic twinning [83, 84] .
A hole in the zona pellucida from any technique may deprive the embryo of its protective coat, which shields it from any detrimental factors in the female reproductive tract such as toxins, micro-organisms or immune cells. Blastomeres may become trapped in smaller holes of the zona pellucida during the hatching process, and therefore, may fail to complete hatching [29] .
Alternatively, blastomeres may be lost through larger holes prior to the formation of tight junctions, possibly causing monozygotic twins, mbryonic death or even vesiculation [46, 80] Monozygotic twins are more common in women participating in an IVF program than in the general population. In a clinical review of 2,163 cycles of IVF, six cases of identical twin pregnancies were found [85] . Three of them had been treated with acidic Tyrode's to create larger holes (20 mm), and two of them had undergone subzona insemination. The increasing incidence of monozygotic twins was also stated in a review of 674 transferred embryos that underwent partial zona dissection (PZD). Monozygotic twins were found in eight (1.2%) of them, compared with none of the 559 embryos that were not hatched [83] .
The higher incidence of monozygotic twins following assisted hatching may result from two reasons. First, a small narrow opening in the zona pellucida, especially that created by PZD, may trap the hatching blastocyst in a figure 8 shape. Subdivision of the blastocyst may lead to the formation of monozygotic twins [83] . The second reason is premature hatching of the blastomeres, which may result in development of another identical embryo. Human blastomeres are joined with tight junctions that become apparent only after the 6-cell stage [86] . The loose association makes it possible to lose blastomeres when a large hole is created at an early stage. Replacing PZD with chemically assisted hatching to gain complete hatching has been advised by many researchers. However, large openings in the zona pellucida may adversely increase the risk of premature blastomere hatching. It is strongly suggested that chemically assisted hatching should be used with caution so as not to induce large openings that may be implicated in the herniation of blastomeres and induction of monozygotic twins [87] .
Conclusion
This review would suggest that the routine use of assisted hatching is inappropriate in view of the lack of evidence of universal benefit and the potential risks However, there is evidence of Assisted hatching benefit in certain circumstances such as in patients with a poor prognosis, including those with two or more failed IVF cycles and poor embryo quality and older women more than 38 years of age) [11] . Higher clinical pregnancy and implantation rates have been observed after assisted hatching. However, delivery rates have not significantly improved, possibly because the small sample sizes in studies reporting delivery rates have lacked sufficient power to detect a difference. This view is consistent with the American Society for Reproductive Medicine Guidelines [7] .
There are many techniques in current use to assist hatching, which may differ in both efficacy and risks. Although the equipment may be expensive, the laser assisted technique would appear to have the lowest potential risk attached to it, and it is relatively simple to perform with consistency between operators. Appropriately powered, probably multicentre research is required to confirm the safest technique to use, and to identify patients that would benefit from assisted hatching before they have had repeated unsuccessful treatment cycles. In this review there is extensive and focused revision of most researches and studies concerning with AH in the literature. Taking into consideration the most updated one which deals with the mechanically expanding technique with emphasis on urgent need for trials to improve the potential of AH. Proper selection of the candidates for different AH 
